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Cytokinesis is a temporally and spatially regulated
process through which the cellular constituents of
the mother cell are partitioned into two daughter
cells, permitting an increase in cell number. When
cytokinesis occurs in a polarized cell it can create
daughters with distinct fates. In eukaryotes,
cytokinesis is carried out by the coordinated action
of a cortical actomyosin contractile ring and tar-
geted membrane deposition. Recent use of model
organisms with facile genetics and improved light-
microscopy methods has led to the identification
and functional characterization of many proteins
involved in cytokinesis. To date, this analysis
indicates that some of the basic components
involved in cytokinesis are conserved from yeast to
humans, although their organization into functional
machinery that drives cytokinesis and the associ-
ated regulatory mechanisms bear species-specific
features. Here, we briefly review the current status
of knowledge of cytokinesis in the budding yeast
Saccharomyces cerevisiae, the fission yeast
Schizosaccharomyces pombe and animal cells, in an
attempt to highlight both the common and the
unique features. Although these organisms diverged
from a common ancestor about a billion years ago,
there are eukaryotes that are far more divergent. To
evaluate the overall evolutionary conservation of
cytokinesis, it will be necessary to include represen-
tatives of these divergent branches. Nevertheless,
the three species discussed here provide substantial
mechanistic diversity.
Introduction
There are significant differences in the structural
organization of budding yeast, fission yeast and
animal cells that impinge on cytokinesis. For example,
both types of yeast have cell walls that allow them to
grow in a variety of osmotic conditions. This osmotic
barrier must be conserved during cytokinesis. These
organisms consequently build a septum of cell wall
material in addition to a contractile ring. Septum
formation is preceded by formation of the actomyosin
ring, but these two structures function in a coordi-
nated manner. One other major difference is that the
nuclear envelope does not break down during mitosis
of either yeast, whereas in animal cells, the nuclear
envelope breaks down, at least partially. As a conse-
quence, in animal cells, the antiparallel microtubules
that form the central spindle functionally interact with
the cell cortex, but in yeast, these structures, though
present in an analogous form, are compartmentalized
away from the cortex by the nuclear envelope. 
The persistent nuclear envelope dictates that
budding yeast cells have spindle pole bodies (SPBs)
that are embedded in the nuclear envelope and
nucleate assembly of cytoplasmic and nuclear
microtubules. In fission yeast cells, microtubules
emanate from both SPBs and perinuclear microtubule
organizing centers (MTOCs). Animal cells have
centrosomes or MTOCs that are peripherally
associated with the nucleus. Breakdown of the
nuclear envelope allows centrosome-nucleated
microtubules access to the chromosomes. These
differences in the structural organization of these cells
are reflected in the strategies that they use to
complete cell division (Figure 1).
Division Site Selection
The temporal and spatial regulation of division plane
positioning is divergent in budding yeast, fission
yeast, and animal cells. In budding yeast, the division
plane is determined in late G1 and reflects the position
of the prior division site. In fission yeast, the division
site is determined in G2 and reflects the position of
the interphase nucleus. In animal cells, the division
plane is determined during anaphase in a position that
reflects the position of the spindle. In each case,
mechanisms are in place to ensure that the daughter
nuclei end up on either side of the division plane.
Budding Yeast
In contrast to fission yeast and animal cells (described
below), budding yeast chooses its division plane at
the beginning of the cell cycle, ahead of SPB duplica-
tion. The bud-site selection genes determine both the
axis of cell polarization and the division plane at the
presumptive bud site. After bud emergence, the polar-
ity machinery concentrates at the bud tip, whereas the
division machinery builds at the bud neck.
Budding yeast cells bud with two distinct patterns
depending on their mating types. In MATa or α haploid
cells, the next bud always occurs adjacent to the
immediately preceding bud site (axial) whereas in a/α
diploid cells, the next bud occurs at either pole with
similar frequency (bipolar) [1,2]. The current thought is
that axial-specific landmarks, Bud3p, Bud4p, Axl1p
and Axl2p [1–3], and bipolar-specific landmarks,
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Bud8p, Bud9p and so on [2,4], are produced in the
previous cell cycle and mark the cortical site(s). These
landmarks are then recognized by the general bud-site
selection machinery containing a GTPase module that
includes the Ras-related small GTPase Rsr1p/Bud1p
[5,6], its guanine nucleotide-exchange factor (GEF)
Bud5p [6] and its GTPase-activating protein (GAP)
Bud2p [7,8] (see Table 1).
The Rsr1p GTPase module then interacts with the
polarity-establishment machinery: the Cdc42p
GTPase module [9], which includes the Rho-type
GTPase Cdc42p, its GEF Cdc24p and its GAPs
[10–12]. Finally, Cdc42p functions through its effectors
to organize the actin cytoskeleton to control polarized
growth [13] and, in parallel, to regulate septin ring
assembly to control cytokinesis (discussed in more
detail below) [10–12,14]. The septin ring also plays a
role in positioning the axial- and bipolar-specific
landmarks for bud-site selection in the next cycle
[1,2,4]. Thus, the landmark proteins and the septin ring
appear to position each other in a cyclic fashion [1].
The significance of the specific budding patterns is
not clear, although the axial budding pattern is thought
to facilitate mating after mother cells switch their
mating types [15]. The bipolar budding pattern, which is
required for pseudohypha formation, may be important
for food foraging under nutrient starvation [16].
However, deletion of any of the known bud-site selec-
tion genes, including RSR1, does not cause a signifi-
cant cytokinesis defect. So bud-site selection is not a
part of the cytokinetic machinery. However, the Cdc42p
GTPase module downstream from the bud site-selec-
tion machinery is essential for cell polarization and, as
a consequence, for cytokinesis. In the absence of the
bud-site selection machinery, Cdc42p still becomes
localized at a single random site, through a positive
feedback loop involving Bem1p [17,18].
Mitotic exit is delayed until one of the two daughter
nuclei migrate through the bud neck. The regulatory
mechanism responsible is discussed in the last
section. The post anaphase positioning of the spindle
halfway through the bud neck is mediated by redun-
dant mechanisms that involve dynein, the APC-related
protein Kar9p and other factors [19–21]. In one
pathway, Kar9p loads onto only one SPB, which then
translocates through the bud neck, driven by the
motor activity of a myosin V family member [22]. In the
absence of Kar9p, dynein-dependent pulling forces
can drive segregation of one of the two daughter
nuclei into the bud.
Fission Yeast
In fission yeast, isolation and characterization of
mutants defective in division-site selection have pro-
vided insight into the mechanism of positioning the
actomyosin ring, and in turn the division septum
[23–25]. Further insights have come from detailed
characterization of microtubule dynamics [26,27].
Unlike in metazoans, the mitotic spindle and astral
microtubules appear to play little or no direct role in
actomyosin ring placement in fission yeast [25].
Genetic analysis has shown that the proteins
Mid1p, Plo1p and Pom1p play a critical role in linking
the position of the interphase nucleus to the cell
division site. Mid1p, which is weakly related to the
metazoan protein anillin, assembles into a cortical
band overlying the nucleus in interphase [24,28].
Mid1p is largely localized in the nuclei of interphase
cells. Upon entry into mitosis, Mid1p relocates from
the nucleus in a reaction that is dependent on the
Polo-like kinase Plo1p, and blends with the cortically
localized Mid1p. The cortically localized Mid1p
remains associated with the actomyosin ring. 
Although Mid1p release from the nucleus is Plo1p
dependent, a Mid1p derivative that is lacking its
nuclear localization site is unable to rescue the ring-
positioning defect of plo1-1 mutants [29]. This sug-
gests that Plo1p might have additional functions
important for actomyosin ring placement. Given that
Plo1p is also detected in the medial cell division site,
in a Mid1p-dependent manner, Plo1p might positively
influence Mid1p function at the cell cortex, leading to
medial actomyosin ring assembly. A second kinase
that regulates division plane positioning is the DYRK-
like Pom1p. Pom1p localizes to the site of division and
also at cell ends, where it controls the site of cell
growth, apparently through its ability to restrict the
growth of microtubules [23].
Mid1p physically interacts with the type II myosin
heavy chain Myo2p, and promotes the medial
accumulation of actomyosin ring components such as
Myo2p, Rng2p, Cdc4p and F-actin, in a band-like
organization overlying the Mid1p band [30]. In the
absence of Mid1p, the actomyosin ring is assembled
later in mitosis, often near cell poles where some of
the actomyosin ring components tend to be
concentrated [24,31].
Notwithstanding the minimal role played by the
mitotic spindle and asters in fission yeast [25],
microtubules are important in two aspects of medial
actomyosin placement and retention. Cytoplasmic
microtubules are important for medial positioning of
the interphase nucleus, which in turn is important for
actomyosin ring placement. As the division plane is
positioned prior to mitosis, it is imperative that the
mitotic spindle straddle the presumptive division
plane, and after division the division plane must
remain fixed and both daughter nuclei need to remain
on opposite sides of this plane. To ensure that the
division plane remains fixed, a post-anaphase array
of microtubules forms underneath the actomyosin
ring and retains the actomyosin ring at the initial site
of assembly [32].
Metazoans
In animal cells, the division plane is determined
during a time window that commences with
anaphase onset. The position of the division plane is
determined by astral microtubules, the central
spindle or both, depending on the cell type. The
central spindle consists of microtubules that are
bundled in antiparallel arrays that have a small
degree of overlap at their plus ends. In some cells,
such as those of Caenorhabditis elegans embryos
and cultured mammalian cells [33–35], furrow forma-
tion still occurs when central spindle assembly is
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defective, and in these cases, it is the astral micro-
tubules that appear to be responsible for furrow
induction. In Drosophila, however, mutations that
block central spindle assembly prevent furrow for-
mation [36,37]. In some cases, central spindle
bundles appear sufficient to induce furrows [38]. 
It is not yet clear how either astral microtubules or
the central spindle induce furrow formation, and
whether they signal through mechanistically similar
pathways. Astral microtubules and the central spindle
might actively promote furrow ingression at the
equatorial region; alternatively, polar microtubules
may inhibit furrowing and the central spindle may
contribute to establishing regions of the cell cortex
free from the inhibitory effects of microtubules. No
molecular pathway has been demonstrated to
account for either possibility. A recent review covers
this topic in more detail [39].
Formation of a functional cleavage furrow requires
the GTPase RhoA. The functional activity of RhoA is
probably localized to the plane of cell division. There
are several ways in which this could be achieved,
including localization of the GTPase itself, localization
of its guanine nucleotide exchange factor, localization
of its effectors, and finally localization of inhibitors of
the RhoA pathway in regions of the cell where RhoA
activity must be suppressed. In some cells, RhoA
appears to be localized prior to furrow ingression [40],
and in other systems the Rho GEF Pebble/ECT2 is
localized [41,42].
Although there is incontrovertible evidence that
RhoA activation is a critical step during cytokinesis,
RhoA may not be the ultimate key to furrow position-
ing. In cells in which RhoA is inhibited, or in which
actin polymerization is blocked by drugs, events that
reflect cytokinesis can still be detected [43–45]. Thus
the signaling process from the spindle could act
upstream of both RhoA-regulated furrow formation
and membrane insertion events. Alternatively, these
distinct events could be regulated in parallel.
Summary
The mechanisms for cleavage site determination are
highly species-specific. Each of the cell types
considered here uses a distinct structure (bud-site
landmarks, nucleus, spindle) to define the division
plane and does so at a distinct phase of the cell cycle
(late G1, late G2, anaphase). That being the case,
some molecular analogies can be drawn. For
example, local activation of GTPase modules plays a
critical role in budding yeast and animal cells,
although the GTPases involved are not orthologous.
Additionally, Polo-like kinases are important in fission
yeast and animal cells, and the critical regulator of
Figure 1. Schematic depiction of the positioning, assembly and regulation of the contractile ring during cytokinesis.
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division placement in fission yeast, Mid1p, is related
to anillin, which is an early marker of the division plane
in animal cells (though available evidence suggests
anillin is not critical for division plane positioning in
animal cells [46]).
Assembly of the Actomyosin Contractile Ring
Actomyosin-based contractile rings have been shown
to play an important role in cytokinesis in several
organisms. The motor activity of myosin II slides actin
filaments, inducing ring constriction and leading to the
production of two daughter cells. Not surprisingly, the
ring is complex in nature and contains over 50
different molecules. 
Budding Yeast
Because of the narrowness of the bud neck (~1 µm),
smaller than the diameter of a typical midbody
(1–2 µm), it was thought that cytokinesis in budding
yeast may not involve an actomyosin ring [47].
However, budding yeast cytokinesis is mediated by
two functionally overlapping pathways, one of which
involves an actomyosin contractile ring. At least three
types of protein are associated with the actomyosin
ring during cytokinesis: proteins committed to
actomyosin ring function only; proteins required for
both actomyosin ring function and septum formation;
and proteins that might coordinate these two
processes. Most, if not all, of the actomyosin ring-
associated proteins are evolutionarily conserved.
The arrival of these proteins at the bud neck is
sequential in the cell cycle starting from late G1 to the
onset of cytokinesis and/or cell separation. Their order
of assembly at the bud neck is as follows: in late G1
phase, septins followed by the myosin II heavy chain
Myo1p and its regulatory light chain Mlc2p, and the
formin Bnr1p; in S phase, the myosin II essential light
chain Mlc1p; in S/G2 phase, Hof1p/Cyk2p [48]; in
G2/M phase, Iqg1p/Cyk1p, then the formin Bni1p; and
in late anaphase, the actin ring, then Cyk3p [49,50]. A
functional actomyosin ring forms only in late
anaphase, even though some of the components
arrive at the division site much earlier.
Septins are a family of GTP binding and filament-
forming proteins that are present from yeast to
human, but they are absent in plants [14,51,52]. There
are a total of seven septins in budding yeast, five of
which are expressed vegetatively — Cdc3p, Cdc10,
Cdc11p, Cdc12p and Shs1p/Sep7p — and two that
are expressed exclusively during sporulation — Spr3p,
and Spr28p. In vegetative cells, all five septins
colocalize during the cell cycle and their localization
to the bud neck is largely interdependent [14,52].
Disruption of septins at the bud neck is lethal to the
cell, and results in a complete block in cytokinesis.
Both the type II myosin Myo1p and the septum-
forming enzyme Chs2p fail to localize to the bud neck
in septin mutants, suggesting that the septins may
function as a scaffold at the bud neck that is required
for the anchoring or maintenance of the actomyosin
ring and the septum-forming apparatus [53–55].
Other factors required for the formation of the
actomyosin ring include Myosin II, IQGAP and two
formins. The type II myosin heavy chain Myo1p is
required for actin ring formation [53], but its regulatory
light chain Mlc2p is not. Mlc2p plays only a subtle role
in Myo1p ring disassembly during and/or at the end of
actomyosin ring contraction [50]. In fact, the major
role of Mlc1p in cytokinesis appears to be mediated
by Iqg1p [50]. Iqg1p is a multidomain protein with a
calponin-homology domain at its amino terminus that
binds to F-actin in vitro and is required for actin ring
formation [56]. The formins Bni1p and Bnr1p are
required for actin ring formation, presumably because
of their ability to nucleate actin filaments [57–59], and
this activity appears to be regulated by Rho1p [60].
Although the actomyosin ring is clearly involved in
cytokinesis, it is not strictly essential in budding yeast.
Mutations of the septins, Mlc1p or Iqg1p are lethal;
the mutant cells are arrested in cytokinesis and fail to
form a septum. Elimination of the actomyosin ring by
deleting the only type II myosin, Myo1p, does not
cause lethality nor does it prevent cytokinesis; rather,
the Myo1p-deficient cells exhibit abnormal septum
formation, inefficient cytokinesis and cell separation.
The existence of an alternative pathway for cytokine-
sis is further supported by the fact that increased
dosage of either Hof1p or Cyk3p, two SH3 domain-
containing proteins, can bypass the requirement of
Iqg1p in cell viability and cytokinesis without restoring
the actin ring [61]. Cells lacking an actomyosin ring
appear to divide by formation of a septum. Hof1p and
Cyk3p might coordinate the functions of the acto-
myosin ring with the septum [57,61].
Fission Yeast
In fission yeast, several components of the actomyosin
ring accumulate at the medial cortex from mid G2 to
metaphase, in a Mid1p-dependent manner [62]. Cells
arrested at metaphase, as a result of spindle check-
point activation, assemble seemingly normal acto-
myosin rings [25]. In cycling cells, however, a clearly
organized actomyosin ring is first detected after
anaphase onset, suggesting that, although cells are
capable of actomyosin ring assembly in metaphase,
this event might normally be coupled to the metaphase
to anaphase transition [24,31,63].
A number of proteins have been shown to be
essential for assembly and/or maintenance of the
actomyosin ring: profilin Cdc3p; essential myosin light
chain Cdc4p; tropomyosin Cdc8p; formin Cdc12p;
PCH domain protein Cdc15p; IQGAP-related protein
Rng2p; myosin assembly factor Rng3p; and type II
myosin heavy chain Myo2p [64–67]. Several indepen-
dent studies [65,68–71] have shown that numerous
components of the actomyosin ring — including
Cdc12p, Cdc15p, Myo2p, Rlc1p and Myp2p —
assemble into a spot-like structure in interphase, and
an actomyosin ring appears to be elaborated from this
structure. Mutations that cause disassembly of the
myosin II spot prevent actomyosin ring assembly, and
components of the spot, such as Rlc1p, undergo
minimal turnover [68]. Thus, it appears that the ‘spot’
is a precursor important for actomyosin ring assembly
and might impart a structure that expedites
actomyosin ring assembly during mitosis.
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The PCH protein Cdc15p and the formin Cdc12p
physically interact and also recruit other proteins,
such as profilin, the Arp2/3 complex, type I myosin,
Myo1p and the WASP-related protein Wsp1p, to
induce actin polymerization at the actomyosin ring,
thereby contributing to ring assembly [70]. Formins
and the Arp2/3 complex both have actin-nucleating
activity [72]. Interestingly, actin and myosin at the cell
division site undergo dramatic turnover, although the
function of this turnover is unclear [68,73].
Strains expressing functional GFP-tagged versions
of several actomyosin ring components have been
used to visualize a temporal hierarchy involved in the
assembly of the actomyosin ring in living cells [31].
Three distinct stages in the assembly of the acto-
myosin ring have been defined. In the first stage, a
medial band of Mid1p is assembled in G2. In the
second stage, proteins such as Myo2p, Rng2p,
Cdc15p, Cdc12p and Cdc4p assemble in a broad
band in a Mid1p-dependent manner. In the final
stage, an actomyosin ring is formed that also
includes F-actin, Cdc8p, Myp2p and Ain1p. Following
assembly of the actomyosin ring, the PCH domain
protein Cdc15p and components of the septation-ini-
tiating network (SIN, see below) are important for the
stability of the actomyosin ring until completion of
ring constriction.
Metazoans
The microtubules of the mitotic spindle directly or
indirectly activate the small GTP-binding protein RhoA
and induce contractile ring assembly. RhoA activation
requires the guanine nucleotide exchange factor (GEF)
known as ECT2/Pebble/LET-21 (in human, flies and
worms, respectively). This exchange factor is
phosphorylated during metaphase and its activity
requires phosphorylation [42]. The regulation of ECT2
may be more complex than simple activation during
metaphase, however, particularly as mitotic cyclins
show negative genetic interactions with this exchange
factor [74], which would not be expected if it were
simply activated during metaphase.
As mentioned above, the functional activity of RhoA
is presumed to be greatest in the equatorial plane that
bisects the mitotic spindle. Active RhoA induces a
plethora of downstream effects. The most prominent of
these include the nucleation and polymerization of actin
in a formin-dependent reaction [58,72,75,76], and acti-
vation of the motor activity of myosin through myosin
phosphorylation, induced by both inhibition of myosin
phosphatase activity and phosphorylation of myosin
light chain [77–79]. Myosin light chain phosphorylation
appears to be regulated by numerous kinases including
MLCK, ROCK, Citron and ZIP/DAP-like kinase [80–82].
Additional downstream effects of RhoA activation
include activation of citron kinase and stabilization of F-
actin through inhibition of ADF/cofilin [83–85].
Surprisingly few additional proteins have been
shown to be important for the organization of the
contractile ring in animal cells. Alpha-actinin, filamin,
tropomyosin, talin, radixin, anillin and septins have
been shown to localize to the contractile ring in some
organisms [86–89], but loss of function genetic
evidence indicating a requirement for these proteins in
cytokinesis of animal cells is largely lacking thus far.
The degree of structural organization of the
cleavage furrow is somewhat dependent on cell type.
The initial evidence for a ring with contractile activity
arose from electron microscopy studies in marine
invertebrate embryos and was rapidly extended to
mammalian cells [90]. In some cultured cells, actin fil-
aments are only highly aligned in the ventral, attached
surface of the cell, presumably as a result of its adher-
ence to the substrate. On the dorsal surface, the fila-
ments show only a slight degree of alignment, yet it is
this surface that initially deforms during cytokinesis
[91]. Thus, a subtle bias in filament alignment is suffi-
cient for formation of an ingressing cleavage furrow.
One critical feature of the contractile ring is that it is
a dynamic structure. As the ring contracts, it
coordinately disassembles, so that the density of actin
in the furrow remains roughly the same. One factor
that is critical for this regulation is the actin-severing
protein ADF/cofilin: involvement  of this protein in
cytokinesis is supported by its localization to the
cleavage furrow, and by loss-of-function studies in
Drosophila and C. elegans [92,93].
Although the contractile ring provides the force that
deforms the plasma membrane, completion of
cytokinesis requires another large cytoskeletal assem-
bly, the central spindle. The central spindle consists of
antiparallel microtubule bundles with overlapping plus
ends. Formation of this structure requires the central-
spindlin complex and the microtubule associated
proteins Prc1 and MAST/Orbit. The centralspindlin
complex has in vitro microtubule bundling activity and
consists of a tetrameric complex containing a MKLP1
subfamily kinesin and the RhoGAP CYK-4 [94]. Prc1
also has microtubule bundling activity [35]. Central
spindle organization is controlled by phosphorylation:
polo kinase, the aurora B kinase complex, and the
proline-directed phosphatase Cdc-14 are all involved
in formation of the central spindle (see [95] for review).
A second MKLP family member, MKLP2, is required
for localization of the Polo-like kinase Plk1. MKLP2
and a third MKLP family member, MPP1, are required
for cytokinesis [96,97].
During cytokinesis, the central spindle becomes
progressively compacted by the ingressing cleavage
furrow to form the midbody. The high degree of
compaction suggests a direct physical interaction
between these structures. Possible mediators of this
interaction include RhoA and its regulators, the GAP
CYK-4 and GEF ECT2/Pebble, which have been
shown biochemically to interact [98]. The midbody
probably also serves as a scaffold for the final step in
cytokinesis, abscission, when the plasma membrane
resolves into two separate membranes.
Summary
Budding and fission yeasts and metazoans all use an
actomyosin-based contractile ring to execute cell
division. The basic compositions of the actomyosin ring
are very similar. But the assembly order of the ring
components in the cell cycle is vastly different even
between the two yeasts, as if the same deck of ‘cards’
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Table 1. Genes that regulate cytokinesis in diverse organisms.
Role in cytokinesis
Generic name S. cerevisiae S. pombe C. elegans Drosophila Humans Domain Selected
function binding
partners
Contractile ring positioning
Bud proteins Axl1p, Axl2p, na/nr na na na GTPase module Cdc24p, Cdc42p
Bud3p, Bud4p, 
Bud8p, Bud9p,
Rsr1p/Bud1p, 
Bud2p, Bud5p 
Cdc42 GTPase Cdc42p, Cdc24p Cdc42p (nr; cell CDC-42 (nr) Cdc42 (nr) Cdc42 (nr) GTPase- Formin, IQGAP, 
module morphology) signaling Rsr1p
Septin Cdc3p,Cdc10p, Spn1-7 (nr; UNC-59, UNC-61 Peanut, Sep1,2,4,5 SEPT1-10 GTPase
Cdc11p,Cdc12p, involved in cell
Shs1p/Sep7p, separation)
Spr3p, Spr28p
Anillin and na Mid1p, Mid2p Y49E10.19 Scraps hAnillin PH domain Actin
anillin-related
Contractile ring assembly
Myosin II heavy Myo1p Myo2p, Myp2p NMY-2 Zipper Myosin II Myosin ATPase Actin, light
chain motor protein chains
Myosin essential Mlc1p Cdc4p Mlc-c Myosin ELC EF hand myosin II, IQGAP,
light chain myosin V
Myosin Mlc2p Rlc1p MLC-4 Spaghetti Squash Myosin RLC EF hand myosin II
regulatory 
light chain
Actin Act1p Act1p ACT-5 (ACT-1,3) Actin (multiple cytoplasmic Actin - Actin binding
genes) actin (beta, microfilaments proteins, myosin
gamma)
Profilin Pfy1p Cdc3p PFN-1 Chickadee profilin Actin binding Actin, formin
protein Rho GTPases,
Formin Bni1p, Bnr1p Cdc12p CYK-1 Diaphanous Dia1 Formin (FH1, Profilin
FH2, FH3) - 
actin nucleation
ADF/Cofilin Cof1p  (nr) Cof1p (nr) UNC-60A Twinstar ADF/Cofilin Actin binding Actin
protein
IQGAP Iqg1p/Cyk1p Rng2p Actin, myosin
essential light chain
PCH proteins Hof1p/Cyk2p Cdc15p
RhoA Rho1p Rho1p (cell wall RhoA RhoA RhoA GTPase-
assembly) signaling
Rho GEF Rom1p, Rom2p Gef1p, Scd1p LET-21 Pebble ECT2 GEF CYK-4
Rho kinase na na LET-502 DROK ROCK Kinase RhoA
Myosin na na MEL-11 DMYPT MBS/MYPT Ankyrin Myosin, phosph-
Phosphatase atase PP1 
catalytic subunit
Central spindle
Mitotic kinesin na na ZEN-4 Pavarotti MKLP1 Kinesin CYK-4, 
like protein 1 microtubules
CYK-4 na na CYK-4 RacGAP50C CYK-4/ Mgc RhoGAP ZEN-4/MKLP1
Kif20a, 
RacGAP
Mitotic kinesin na na na CG12298-PA (nr) MKLP2, Kinesin Plk1
like protein 2 Rab6KifL
Mitotic na nr na CG12298-PA (nr) MPP1 Microtubules
phosphoprotein 
(MPP1) kinesin
PRC1 Ase1p (nr) SPAPB1A10.09 SPD-1 Fascetto PRC1 Microtubule Microtubules
(nr) binding domain
Membrane insertion
Syntaxin Sso1p, Sso2p psy1 (nr) SYN-4 Syntaxin1 Syntaxin4, Syntaxin- v-snare
Syntaxin 2, vesicle fusion
Endobrevin
Exocyst Sec3p, Sec5p, Sec6p, Sec8p, nr nr nr Vesicle tethering Rab GTPases, 
complex Sec6p, Sec8p, Sec10p, Exo70p Rho GTPases
Sec10p, Sec15p, 
Exo70p, Exo80p
Myosin V Myo2p, Myo4p Myo52p nr nr nr Vesicle and Actin
mRNA transport
Coordination with nuclear division
MEN/SIN Tem1p, Lte1p, Cdc7p, Cdc11p, CDC-14 CG7134-PA Cdc14 GTPase cascade-
pathway Bub2p, Bfa1p, Cdc14p, Cdc16p, signaling, kinases,
Cdc15p, Dbf2p, Sid1p, Sid2p, phosphatase
Dbf20p, Mob1p, Spg1p, Sid4p, 
Cdc14p, Net1p Mob1p, Byr4p, 
Clp1p/Flp1p
Regulatory molecules
Polo kinase Cdc5p Plo1p PLK-1 Polo Plk1 Kinase
Aurora B Ipl1p, Sli15p, Ark1p, Cut17p, AIR-2, ICP-1, Aurora B, Aurora B, Kinase
kinase complex Bir1p Pic1p (nr) BIR-1, CSC-1 Incenp, Deterin Incenp,
Survivin
Cdk1/Cyclin B Cdc28p/Clb1p, Cdc2p/Cdc13p CDK-1/CYB-1, Cdk1/CycB1, Cdk1/ Kinase
Clb2p, Clb3p, CYB-2, CYB-3 CycB2, CycB3 Cyclin B
Clb4p
na: apparently absent in genome; nr: related molecules known, but no known function in cytokinesis.
has been sorted into different order. This probably
reflects the need of the actomyosin ring to coordinate
with some species-specific features, such as cleavage-
site determination mechanisms and some elements of
the membrane or septum formation machinery.
Membrane Deposition and Division Septum
Assembly
Membrane remodeling is inherent to the process of cell
division. The single plasma membrane that surrounds
the mother cell must be subdivided into two separable
domains at the end of cytokinesis. In addition, under
most conditions, new membrane is generated to
accommodate the increased surface area of the two
daughter cells. The added membrane comes from
intracellular stores of Golgi membranes. In both yeasts,
the bulk of additional surface area is added during
interphase. During cytokinesis, only the relatively
narrow membrane and cell wall material that divides the
cell must be added. Animal cells, however, lack cell
walls and are rather spherical during metaphase, and
this geometry imposes a requirement for membrane
addition or redistribution during cytokinesis.
Budding Yeast
Ample evidence suggests that membrane deposition
occurs at the division site in a budding yeast cell
during cytokinesis, but the molecular mechanism
responsible for the targeting to this site is not yet
clear. Numerous components associated with exocy-
tosis relocate from the bud cortex to the bud neck in
late anaphase, just before cytokinesis. These include
the type V myosin Myo2p and its associated light
chain Mlc1p, which function in vesicle transport; the
multi-subunit exocyst complex, and its regulator, the
Rab GTPase Sec4p; as well as regulators of the actin
cytoskeleton, such as Cdc42p and Rho1p. Because
Cdc42p and Rho1p regulate actin assembly and
secretion [99–101], these GTPases may coordinately
regulate the actomyosin ring and targeted membrane
deposition during cytokinesis. Conditional inactivation
of the redundant, essential syntaxins Sso1p and
Sso2p in a budding yeast cell results in the accumula-
tion of vesicles at the neck, incomplete septum for-
mation and a defect in cytokinesis [102]. 
Finally, Mlc1p and Iqg1p must also play a role in
septum formation, which presumably requires
targeted secretion. Mlc1p interacts with Myo2p, but
this interaction appears dispensable for cytokinesis
[103]. Iqg1p also co-immunoprecipitates with Sec3p,
a component of the exocyst [104], but the significance
of this interaction in cytokinesis is not clear. But
despite all this circumstantial evidence, it is not known
how the secretory apparatus is targeted to the bud
neck, nor how the actomyosin ring is coupled to tar-
geted membrane deposition.
The major role of targeted membrane deposition in
budding yeast is to deliver the integral membrane
proteins that mediate septum formation. Chs2p, the
catalytic subunit of chitin synthase II, localizes to the
bud neck in late anaphase [55,105]. Deletion of CHS2
is not lethal but causes a strong defect in cytokinesis:
actomyosin rings can form but fail to contract or
contract inefficiently [49,106]. Chs3p, the catalytic
subunit of chitin synthase III, responsible for the syn-
thesis of ~90% of cellular chitin [107], localizes to the
base of the bud early in the cell cycle, but relocates to
the bud neck in late anaphase [105]. Deletion of both
CHS2 and CHS3 is lethal and the double mutant cells
arrest in cytokinesis [108], suggesting that Chs3p also
plays a role in septum formation. The localization of
Chs2p and Chs3p to the bud neck depends on the
septins [55,109]. Thus, septins play a role in directing
secretion to the site of septum formation.
There is evidence for interplay between the
actomyosin ring and the deposition of septum
material. Contraction of the actomyosin ring guides
membrane deposition so that the septum forms
efficiently at the correct location. Conversely, septum
deposition modulates the contractility of the
actomyosin ring [49]. But the molecular mechanisms
that mediate this coordination are still obscure.
Fission Yeast
In fission yeast, secretion of new membranes and
assembly of the division septum occur in concert with
constriction of the actomyosin ring. Septum deposi-
tion directly regulates actomyosin ring constriction, as
this constriction is blocked by vesicle transport
inhibitor brefeldin A or mutations in enzymes
important for cell wall synthesis [110,111]. Unlike in
metazoans, in fission yeast cells microtubules appear
to be dispensable for assembly of new membranes
and the division septum [111–113]. Secretion to the
division site region, as assayed by the localization of
Cps1p (an integral membrane protein essential for cell
wall assembly) and membrane sterols, is relatively
independent of F-actin, though F-actin is required for
these components to be maintained in a ring [111].
Components important for membrane assembly
and cell wall synthesis have been identified by forward
and reverse genetics. Thus far, there is evidence that
proteins involved in exocytosis, such as exocyst
components, syntaxin-related proteins and Rab
GTPases, and proteins important for cell wall assem-
bly, such as Mok1p and Cps1p (1,3-α-glucan synthase
and 1,3-β-glucan synthase, respectively), participate
in cytokinesis [110,114–118]. In addition, membrane
sterols have also been detected at the division site,
where they might participate in actomyosin ring
anchoring or regulate membrane delivery and cell wall
assembly [119]. Future studies should address how
membrane and cell wall assembly are coupled with
actomyosin ring constriction.
Metazoans
In an animal cell, membrane insertion during
cytokinesis is mostly confined to a region behind the
leading edge of the cleavage furrow. Delivery of these
membranes can be facilitated by structures such as
the furrow microtubule array, an array of microtubules
that points toward the cleavage furrow in large
amphibian embryos [120]. In most cases of intercel-
lular membrane transport, specificity of the vesicle
populations and target location is mediated by v- and
t-SNAREs or syntaxins. Two syntaxins have been
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implicated in cytokinesis. A syntaxin involved in
delivery of vesicles to the plasma membrane is
required for cellularization in Drosophila and conven-
tional cytokinesis in a number of organisms
[121–123]. This protein concentrates in the ingressing
cleavage furrow.
There is additional evidence that cytokinesis
involves other components of the membrane transport
machinery, including Rab GTPases [124]. Recently, a
second syntaxin, syntaxin 2, has been implicated in
cytokinesis. This t-SNARE, and its cognate v-SNARE
endobrevin, concentrates at the midbody and
dominant-negative mutant forms of syntaxin 2 induce
late defects in cytokinesis [125]. This suggests that
there are at least two classes of membrane transport
events during cytokinesis. In addition, a spectrin
family member, Syne1, associates with kinesin II and
syntaxins, localizes to punctate structures and
concentrates in the central spindle [126]. Syne1 may
participate in the delivery of vesicles for cytokinesis.
In C. elegans, there is evidence that secretion of the
proteoglycan chondroitin sulfate is required for
cytokinesis, a function reminiscent of cell wall
secretion in yeast [127,128]. This matrix component
may function to isolate individual cells during and after
division. Alternatively, this matrix component could
stabilize the osmotic environment of the embryo.
Summary
Targeted secretion occurs during cytokinesis in all
three systems. In yeasts, this process is crucial for the
delivery of enzymes that produce the cell wall material
in the septum. In animal cells, it may be used to
deliver membranes that allow for expansion of the
surface area. In all cells, there is ultimately a
requirement for resolution of the single plasma
membrane into two separate membranes, but the
machinery responsible is not yet well defined.
Coordination of Cytokinesis with the Nuclear Cycle
The process of cytokinesis is regulated in such a way
that constriction of the actomyosin ring and delivery of
new membranes and/or cell wall materials are initiated
only after chromosome segregation. Not surprisingly,
cytokinesis is tightly regulated in a cell-cycle-
dependent manner. In budding and fission yeasts,
assembly of an actomyosin ring is dependent on entry
into mitosis and its constriction is dependent on
proteolysis of cyclin B. In animal cells, actomyosin
ring assembly generally does not commence until
anaphase onset.
Budding Yeast
Cytokinesis occurs only in late anaphase or telophase
and thus must be coordinated with the nuclear cycle.
Recent evidence suggests that this coordination is
carried out, at least in part, by the mitotic exit network,
or MEN. The MEN is a signaling cascade initiating with
the GTPase Tem1p and culminating in the protein
phosphatase Cdc14p (Figure 2). During anaphase,
Cdc5p — the polo kinase in budding yeast — acti-
vates the MEN by three different strategies: activating
Tem1p by inhibiting its GAP through phosphorylation
of Bfa1p [129,130]; enhancing the function of Dbf2p
[131]; and directly assisting the release of Cdc14p
from the nucleolus by phosphorylating Net1p [132].
Once Cdc14p has been released, it dephosphorylates
the transcription factor Swi5p to increase the level of
Sic1p, an inhibitor of the Cdc28p–cyclin B kinases.
Cdc14p also dephosphorylates Cdh1p and allows it to
interact with the anaphase promoting complex (APC)
and drive cyclin degradation [130,133,134]. The dual
actions by Sic1p and APC/Cdh1p reduce the level of
Cdc28p–cyclin B thus, leading to mitotic exit.
The MEN also plays a role in cytokinesis that is
largely independent of its role in mitotic exit. All known
components of MEN are associated with SPBs from
S/G2 phase to the end of anaphase, at which time
some of the components translocate to the bud neck,
consistent with a role of MEN in cytokinesis [130].
Furthermore, cells with mutations of the MEN
components Tem1p, Cdc15p, Dbf2p or Dbf20p can be
induced to exit mitosis by overexpression of the
cyclin-dependent kinase (Cdk) inhibitor Sic1p [135] or
by deletion of the Cdc14p-sequestering protein Net1p
[136]. Upon mitotic exit, these mutants are still defec-
tive in cytokinesis, suggesting that MEN plays a role in
cytokinesis that is independent of mitotic exit and of
the release of Cdc14p from the nucleolus.
What are the targets of MEN in cytokinesis? All
MEN mutants form an actomyosin ring [57,135,136],
but these rings do not contract, or do so inefficiently
[135,136]. This suggests that either the actomyosin
ring in MEN mutants is not fully functional and thus its
contraction is inhibited, or MEN mutants are defective
in septum formation — which is known to affect the
contraction, but not the assembly, of the actomyosin
ring [49,106]. This latter possibility is supported by the
observations that budding yeast cells without an acto-
myosin ring can form septa, albeit abnormally [137],
and that MEN mutants are defective in depositing
septal materials, such as chitin, at the bud neck [135].
The targets of the MEN in septum formation are not
known. One candidate could be Hof1p, which is phos-
phorylated in a MEN-dependent manner and is
thought to coordinate actomyosin ring function and
septum formation [57]. MEN might regulate the split-
ting of the septin ring, which is thought to promote
actomyosin contraction [136].
Fission Yeast
In fission yeast, as in several other organisms,
cytokinesis is tightly coupled with nuclear cycle
progression [25,31]. Though Mid1p and other
actomyosin ring components are medially localized
in G2 phase, actomyosin rings are not detected in
cells arrested at G2/M, but are assembled upon acti-
vation of Cdk1–cyclin B (otherwise known as Cdc2p
and Cdc13p). Constriction of the actomyosin ring
and septum assembly depends on cyclin B degrada-
tion [113,138].
How is actomyosin ring constriction coupled to
Cdk1-cyclin B inactivation? It appears to be mediated
by a signaling cascade known as the septation
initiation network, or SIN, which is highly analogous to
the MEN of budding yeast [130,139] (Figure 2).
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Components of the SIN are localized at either both
spindle pole bodies, one SPB, or both SPBs and the
division site. A hierarchy of regulated localization of
SIN components to the SPBs and division site has
been established. Cdc11p and Sid4p act as scaffolds
that exhibit higher resident times at the SPB [140].
Cdc11p and Sid4p act to localize SIN components
and their regulators to the SPB. Interestingly, during
cytokinesis, key SIN components, such as Cdc7p,
Sid1p and Cdc14p, localize specifically to the
daughter SPB [141] to promote cytokinesis. In
particular, localization of Sid1p–Cdc14p requires
cyclin B proteolysis. 
One key function of the SIN may be to recruit Sid2p
and Mob1p to the division site upon completion of
anaphase in order to promote actomyosin ring
maintenance, membrane assembly, actomyosin ring
constriction and division septum assembly. The
identification and characterization of Sid2p kinase
substrates should help unravel the role of the SIN in
regulating cytokinesis. An attractive possibility is that
SIN activation might lead to targeting of cell wall syn-
thetic enzymes to the division site, since localization
of Cps1p (1,3-β-glucan synthase) to the division site is
known to be abolished in SIN mutants [111,116].
Although cytokinesis in cycling cells is intimately
coupled to activation and inactivation of Cdk1–cyclin
B, previous studies have demonstrated a Cdk1–cyclin
B-independent mechanism that allows most events
associated with cytokinesis, such as actomyosin ring
assembly, actomyosin ring constriction and division
septum assembly. Cdk1-cyclin B independent cytoki-
nesis occurs during interphase in cdc16-116 or byr4∆
mutants, or when proteins such as Spg1p and Plo1p
are overproduced [64,141–144], indicating that cells
are capable of actomyosin ring and division septum
assembly in interphase.
What is the physiological significance of this
capability? When cells are exposed to conditions that
cause perturbation of the contractile ring, they can
maintain partial contractile rings and reestablish new
rings to allow cytokinesis to be completed [145].
Perturbation of the contractile ring does not delay
mitotic exit, so these cells are cytokinesis-competent
despite being in interphase. Maintenance of the cytoki-
nesis-competent state depends on the SIN
[110,114,146,147]. Thus, an attractive possibility is that
the Cdk1–cyclin B independent and SIN dependent
cytokinetic mechanism ensures that the actomyosin
ring and the division septum assembly machinery are
maintained until completion of cytokinesis.
Metazoans
Temporal regulation of cytokinesis is as important as
spatial regulation. Under physiological conditions,
cytokinesis begins shortly after anaphase onset,
ensuring that sister chromatids are separated before
furrow ingression. Activation of the ubiquitin ligase
complex, the anaphase promoting complex APC/C,
triggers proteolytic destruction of mitotic cyclins and
the separase inhibitor, securin. APC/C also regulates
cytokinesis. For example, if the spindle checkpoint is
inactivated in a metaphase-arrested cell, allowing
activation of the APC/C, the cortex undergoes active
contractions for a period of about one hour before the
cell assumes a normal interphase morphology [148];
this period of contractility is called the C-phase. 
Regulation of cytokinesis by the APC/C may reflect
this ubiquitin ligase’s role in triggering cyclin
degradation. In many systems, non-degradable
cyclins inhibit cytokinesis [149,150]. In a sea urchin
embryo, however, the block induced by non-degrad-
able cyclins can be overcome by micromanipulating
the spindle into the immediate vicinity of the cell
cortex [151], so the block may not be absolute. A
second proteolysis step may also be required to
terminate the C-phase, as proteasome inhibitors
extend C-phase [152].
One intriguing aspect of cytokinesis in animal cells
is that furrow formation occurs only once per cell
cycle upon anaphase onset. In other words,
cytokinesis occurs during the transition from mitosis
to interphase. There are several factors required for
cytokinesis that are known to be inhibited during
metaphase, and this could explain why cytokinesis
begins after anaphase onset. For example, the light
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Figure 2. The budding yeast mitotic exit
network (MEN) and fission yeast septum
initiation network (SIN).
The diagram shows the sequence of
action of important components of the
MEN and SIN, their intracellular localiza-
tion(s) and their physiological functions.
See text for further details.
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chain of myosin is not phosphorylated on its activat-
ing sites during metaphase and it becomes phospho-
rylated during anaphase [153]. In addition, assembly
of the central spindle is inhibited during metaphase as
a consequence of inhibitory phosphorylation of both
Prc1 and MKLP1 [35,154]. But cytokinesis is not a
strictly interphase event, suggesting that cytokinesis
occurs during a transition phase in which some
mitotic factors or modifications persist, yet other
inhibitory effects of metaphase are relieved.
Summary
In most organisms, execution of cytokinesis and the
creation of two independent cells is dependent on
proteolysis of cyclin B. In budding yeast, the MEN
components are important for cyclin B proteolysis as
well as for cytokinesis, whereas the fission yeast
counterpart SIN is mainly required for cytokinesis
(although localization of some components correlates
with cyclin B proteolysis). Several MEN/SIN
components are also conserved in filamentous fungi
[155,156], C. elegans and mammalian cells [130]. Pre-
liminary studies indicate that these counterparts of
MEN/SIN also regulate cytokinesis.
Concluding Remarks
This comparative analysis of cytokinesis in budding
yeast, fission yeast and animal cells has revealed
numerous themes that are common in these evolution-
arily divergent eukaryotes as well as aspects that
appear organism specific. Each of these systems —
and several others we did not attempt to summarize —
has provided insights into distinct aspects of cytokine-
sis. More and wider cross fertilization will be required to
fully understand this dynamic event in the life of the cell.
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